Abstract-Experimental determination of magnetization characteristics of switched reluctance motors (SRM's) is quite important in their accurate performance prediction. Over the last decade, various experimental procedures have been used to obtain these characteristics. Every evolved new method has its own limitations and constraints. This paper describes an improved, simple and cost effective experimental procedure and an equally simple post-experimental data processing to obtain the flux-linkage-current curves at varying rotor position of the SRM. The experimental results on a 4 kW, four-phase, 8/6 pole SRM show the effectiveness of the method and the results compare well with the previously results compare well with the previously published results of similar and higher rating SRM's.
I. INTRODUCTION
G ROWING interest in the switched reluctance motor (SRM) has raised many issues related to its analysis, design, performance prediction, control, measurement, and instrumentation [1] - [8] . Accurate prediction of its performance is required to study the behavior of the motor operating under different variety of steady state and transient conditions including starting, speed reversal and load perturbation. Conventional unified technique of analyzing the motor behavior cannot be applied to the SRM because of its highly nonlinear magnetic circuit comprising doubly salient pole structure. Due to this structure, the magnetic circuit excited by a pulsed dc voltage across the concentrated stator windings, does not result in sinusoidal currents and flux waveforms in time and space. The excitation current and flux waveforms are nonsinusoidal and the saturation level of magnetic circuit is quite high necessitating different set of analytical tools for performance prediction as compared to conventional ac and dc motors.
In the SRM the rotor moves from one position to another by virtue of the characteristic of the magnetic circuit to attain a path of minimum reluctance for the flux on exciting the magnetic circuit by the applied m.m.f. The torque is produced due to the tendency of the rotor poles to align with the excited stator poles. The rotor poles move from an unaligned position to aligned position. In between these two extreme positions the torque contour follows a particular path depending upon the level of excitation current. This contour represents the static torque-rotor position (T-0) characteristic of the motor giving useful information on the capability of its magnetic circuit to develop average torque during normal motor operation. The torque produced is a function of change in coenergy as the rotor moves from one position to another. The coenergy is a function of flux linkage, excitation current and rotor position. Hence, for determining the static (T -9) characteristics it is essential to obtain the saturation characteristics of the SRM. This avoids the experimental determination of (T -9) characteristics which requires expensive torque transducers and its associated signal processing. In this paper different methods of measurement reported in literature are reviewed. The new improved method is then explained highlighting its advantages with illustrations.
II. METHODS OF MEASUREMENT
The flux-linkage of a stator winding, ijj is a function of the excitation current i and the rotor position 9. This I/J -i -9 relation can be represented through a family of characteristics in two forms:
1) I/J -i for different ( from unaligned to aligned position; 2) V-1 -9 for different i.
Since the area of ip -i characteristics with i-axis represents coenergy for the given 0, the characteristic 1) is more relevant and widely used for performance prediction. Different methods are used to determine these characteristics for analysis of performance. The basic philosophy of all the methods have been nearly the same with variation in the technique applied. The test method described by Ferrero et al [1] , [2] uses ac source of excitation (at any desired rotor position () under blocked rotor conditions. But, under actual operating conditions of the motor, the excitation source is a pulsed dc with exponentially rising current in the stator winding. This leads to a lower value of flux for a given rotor position and current as compared to dc excitation as is evident from the results [1] , [2] . The other complications, associated problems and complexities with this technique of testing have been 1) use of search coil in the excited phase; 2) repetition of measurement for different peak values of excitation current for all positions of the rotor at which measurements are undertaken; 3) use of costly current probe and amplifier [6] which also contribute to measurement uncertainty; 4) use of parabolic interpolation to reconstruct the curves and then filtering the resulting sequence of points using a digital low pass filter. Krishnan et al [3] described various methods to obtain inductance profile of a SRM, wherein flux linkage method is suggested for obtaining the inductance profile. However, this method suffers from the following discrepancies. 1) Direct method requires an elaborate hardware circuit [9] involving op-amps for addition, subtraction and integration. The measurement accuracy is affected by the temperature sensitivity, drift, noise and electromagnetic interference of the hardware circuit. Additional burden on hardware circuit is imposed by the requirement of integration time constant. The integration time constant must be selected such that the integration period is greater than the rise time of the current. 2) In the indirect method of flux-linkage measurement, the voltage across the winding does not remain constant throughout the measurement period due to the poor regulation of power supply [8] . Therefore, a large value of electrolytic capacitor is normally required across the rectified dc. This results in a series RLC circuit which generates large oscillations specially at high values of current. Additional capacitors employed to make the dc voltage stiff and ripple free increase the cost of measurement set up. Even then the ac current ripple is overriding the exponentially rising current while acquiring the winding current data. Similar ripples are observed in falling voltage transient which further compounds disturbances and distortions. Hence, the accuracy of measurement and processing of data are adversely affected. This method therefore requires tools like digital low pass finite impulse response (FIR) filter, interpolation technique etc. to obtain accurate data.
Ramanarayanan et al [4] have discussed the sources of errors and their influence on flux linkage characterization of the SRM while conducting the tests. The voltage regulation of the power supply used is quite poor and the voltage drops from 60 V to 20 V as the current rises from zero to its steady state value of 20.0 A in 4 ms.
Walivadekar et al [5] developed a data acquisition system (DAS) card to acquire data for I/J -i characteristic by indirect hardware method. Apart from the involved hardware circuit, a major problem experienced in acquiring the data bank is the difficulty in accurate synchronization of the instant of excitation of winding with the enabling of the data acquisition card to store the useful data. In the absence of this simultaneous triggering of base drive to power module exciting the SRM winding and the DAS card enable signal, the data bank of applied voltage and resultant current at any particular measurement will have large blocks of data not required in the integration process. Further, this method requires very minute processing of huge data which is not only time consuming but needs large memory space.
Lovatt et al. [7] have used a 150 V dc generator capable of supplying 25 A of current to conduct the test. Also, due to various constraints on accuracy, storage requirement and processing time they have used only 256 samples at a sampling rate of 10 Hz in the data acquisition. This has resulted in large noise in the data acquired and various interpolation techniques were tried to remove the skew from the data as evident from the curves. Instead, a smooth surface made up of a series of bicubic splines were fitted to the data in the least-square sense. This has resulted in a very long processing time to obtain the flux linkage characteristics from the raw data.
With the advancement in measurement and instrumentation techniques, the earlier procedures [1] - [8] with associated problems to obtain ijj-i curves can be further simplified. This paper presents a simple and improved method to obtain the saturation characteristics of a SRM. Three distinct improvements of this new method over the earlier methods are identified as 1) use of less number of components, equipments and instruments in the circuit to acquire data resulting in simplified procedure; 2) use of cost effective excitation source with improved voltage regulation and overcoming the problem of large power rating [8] requirements of voltage source; 3) simplified data processing. The experimental results on a 4 kW, Oulton, TASC Drive SRM are presented and compared for accuracy with the results published earlier.
III. MATHEMATICAL MODEL OF SRM
The doubly salient structure of a four-phase 8/6 pole SRM used in this study is shown in Fig. 1 . Each stator winding can be represented by an R-L circuit as shown in Fig. 2 with a fixed resistance R and inductance L depending on 9 and /. The electrical and electro-mechanical equations governing the SR motor behavior both in transient and steady state are stated below. From Fig. 2 v(t) = Ri(t) + dip/dt (1) where v{t) voltage applied across the SRM winding; i{t) current in the winding and ip is the flux-linkage (= Li).
The doubly salient structure of the SRM and its control strategy is such that the magnetic coupling between the adjacent phases can be neglected. Hence, the flux linkage ip is assumed to be unaffected by the currents in other phases and it is a function of current i in the excited phase and the rotor position 9 which determines the reluctance offered by the magnetic path as the rotor moves from one position to another.
The equations governing the dynamic behavior of the SRM are
where 9 to J rotor position; rotor speed; moment of inertia of the rotor of the motor including all the rotating parts; 21 load torque; T(0,i) electromagnetic torque developed by the motor. For a nonlinear electromechanical system such as SRM, the electromagnetic torque is calculated by the space derivative of the coenergy at the given position 0 [9] = sw'(e,i)/s\ i=conBt .
(5)
The coenergy W' (9, i) at any rotor position 9 is obtained from the saturation curves by (6) The solution of the governing (2)-(6) requires the knowledge of ij) for any 9 and i. Hence, the experimental determination of accurate I/J -I curves is the crucial step in any analytical prediction of performance of the motor. A simple indirect method of determining the flux-linkage as defined in the mathematical model is described below.
IV. IMPROVED TECHNIQUE OF FLUX-LINKAGE MEASUREMENT
Use of magnetic flux sensors is not only expensive but also requires their installation in motor assembly. Integration of the e.m.f. induced in the search coil mounted in the excited phase is equally cumbersome. Hence, the indirect method of obtaining the flux-linkage is used to obtain the saturation curves of the SRM.
The flux-linkage can be obtained by rearranging (1) such that
= { v (t) -Ri(t)} dt. (7)
Hence, in order to determine the flux-linkage it is required to sense only two electrical quantities: 1) the voltage appearing across the SRM winding; 2) the current flowing through the winding starting from zero until it reaches a steady state value higher than full load current, typically 120% of full load current. The problems caused by voltage source regulation and current ripples due to RLC oscillations are completely eliminated by using a pure dc source to excite the winding during the test. For this purpose a set of 12 V, 40 AH lead acid battery is used. Depending upon the resistance of the SRM winding and the peak current required during the test, two or more batteries are used in series. The use of lead acid battery is also cost effective as compared to the high cost of large rating electrolytic capacitors required to filter the rectified dc. Due to very low source resistance of the batteries, their voltage regulation is better compared to rectified dc with capacitor filters. There are no RLC oscillations observed in the current which is ripple free. This eliminates the problems of using digital FIR low pass filters, interpolation techniques, removal of skew from measured data etc.
Since the battery voltage is 12/24/36 V it is directly interfaced with CRO thereby eliminating the use of potential transformer or voltage sensor or a voltage attenuator [2] for measurement of voltage v(t) across the SRM winding. The use of battery ensures supply isolation for digital storage oscilloscope.
The only sensor required now is the current sensor. For this, a Hall effect current sensor capable of measuring currents up to 100 A is used to record the exponentially rising current i(t) on a DSO. Earlier, specially designed power phase-leg modules [6] have been used for exciting the SRM winding during measurements for flux-linkage data. The purpose of power phase-leg module consisting of a power semi-conductor switch such as IGBT or MOSFET and its associated firing and logic circuit is only to energize the SRM winding momentarily so that the current reaches the steady state value of approximately 20% more than the rated current. This is conveniently replaced by a simple mechanical push-button switch which is turned on for a fraction of second till the stator winding attains the steady state value of desired peak current. However, a freewheeling diode across the stator winding is essential to dissipate the stored energy on sudden removal of excitation source. The problem of synchronization of energizing the SRM winding and the enabling the data acquisition is eliminated by pre-triggering the data acquisition system at any instant t x ahead of the actual instant of turning on the voltage source, where t x is 25% of the total period of sampling till steady state condition is reached. Thus, the post-experimental data processing requires eliminating the initial 25% of data acquired during the waveform capture. The schematic diagram of the experimental setup to obtain the instantaneous voltage and current transients for flux-linkage determination is shown in Fig. 3 . Ammeter and voltmeter used in the circuit help in scaling of the acquired data.
At any rotor position 9 the two channels of a DSO are used to capture the falling voltage v{i) across the SRM winding With one voltage and one current recording at one rotor position, there are total thirty data files to handle the fifteen rotor positions at which flux-linkage characteristic is desired. Each data file consists of more than 1000 samples out of which initial 25% data is discarded, as explained above. Remaining 
This information is then used to perform the integration of {v(t) -Ri(t)}
to obtain the value of flux-linkage. The removal of initial 25% data removes the vertical offset observed by [6] in tp -i characteristic. A simple software for off-line data processing is developed to read the raw data of voltage and current, scale it to actual values and then perform the integration of {v(k) -Ri{k)} numerically, k being the sampling instant. Simultaneously, the coenergy is also determined using (5) . This data processing is repeated for all the fifteen rotor position recordings. No data interpolation, curve fitting or data filtering is required in constructing the saturation curves from the raw data. The saturation curves of SRM, thus, obtained are shown in Fig. 6 . The minimum flux-linkage in unaligned position is 410 mWb-turns (mV/s) and the maximum fluxlinkage in aligned position is 912 mWb-turns. The curves obtained closely match with the flux-linkage characteristics of 4 kW SR motor published in [1] , [2] , and [4] , but by a considerably simplified procedure as reported here. These saturation curves are crowded near the aligned and unaligned position and uniformly distributed otherwise as expected from the theory of the SRM. Table I values of flux-linkage, as evident from Table I , shows that the difference in measurement by this simplified procedure is not more than 5% which is fairly accurate determination of saturation characteristics of SRM. The available databank ofip-i characteristics at 15 discrete rotor positions spanning 30° of angular movement of rotor from aligned to unaligned is used to obtain the flux-linkage- Fig. 7 and is used in nonlinear theory of the SRM for rapid computer aided design [10] . Hence, by this simplified and improved procedure the ip -i and ip -theta characteristics of a SRM are obtained simultaneously from single set of experimental recording.
VI. CONCLUSIONS
The test results of the proposed method, carried out on a 4 kW, 4 phase, 8/6 pole Oulton, TASC, SRM illustrate the accurate determination of saturation curves from the measured values of terminal quantities of voltage and current. The improved method is quite effective in the determination of saturation characteristics of the SRM. It eliminates most of the electrical/electronics problems associated in the measurement and instrumentation procedures reported earlier. The excitation source and power circuit requirements are simplified with overall reduction in cost of measurement setup. The problems of hardware circuit, RLC oscillations, noise, poor voltage regulation and high power rating of source, repetition of measurements, effect of improper integration constants are eliminated. The experimental procedure is therefore shown to be considerably simplified with reduced efforts of experimentation and data processing. The system is user friendly for any researcher to emulate. The data processing is simple and straight forward without any digital filtering, interpolation techniques or curve fitting requirements. Fairly accurate results are obtained as compared to the previously published results. The simplicity of the overall procedure outlined is quite attractive and is effectively used for accurate experimental determination of flux-linkage characteristics of the SRM.
